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Abstract

Purpose: Aberrant expression and dysfunction of RSFI has been reported in diverse human
malignancies. However, its exact role in nasopharyngeal carcinoma (NPC) remains unclear.

Methods: The expression of RSFI mRNA and protein were assayed by qRT-PCR and western blotting,
and their correlations with clinicopathological parameters of patients with NPC were further analysed.
Lentivirus mediated RSF1 shRNA and RSFI ¢cDNA were used to knockdown and upregulate the
expression of RSFI. CCK8 assays and flow cytometry were applied to monitor the changes of
proliferation and paclitaxel sensitivity caused by RSFI modulation, inhibition of NF-kB pathway by
inhibitor Bay 11-7082 and Survivin knockdown. Western blotting was used to detect protein alterations
in NF-KB signaling pathway.

Results: Our present study demonstrated that both mRNA and protein expressions of RSFI were
increased and correlated with advanced NPC clinical stage. Functional analyses revealed that RSFI
inhibition or overexpression induced changes in cell cycle, apoptosis, and then led to altered
proliferation and paclitaxel sensitivity in diverse NPC cells in vitro. Further mechanism investigation
hinted that RSFI overexpression in NPC CNE-2 cells activated NF-kB pathway and promoted the
expression NF-kB dependent genes involved in cell cycle and apoptosis including Survivin. Importantly,
inhibition of NF-kB pathway by Bay 11-7082 and knockdown its downstream Survivin reversed the
paclitaxel resistance caused by RSF1 overexpression.

Conclusions: Taken together, our data indicate that RSF1 regulates the proliferation and paclitaxel
resistance via activating NF-kB signaling pathway and NF-kB-dependent Survivin upregulation,
suggesting that RSF1 may be used as a potential therapeutic target in NPC.
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Introduction

Nasopharyngeal carcinoma (NPC) is one kind of
squamous cell carcinoma of the head and neck, which
is originated from the nasopharynx and possesses a
high incidence in Southern China and Southeast Asia
[1]. Recent improvement of NPC management
strategies including radiotherapy, chemotherapy and
target therapy has greatly increased the therapeutic
efficacy [2, 3]. However, patients with advanced
clinical stages and resistance to therapy including

chemotherapy still display frustrated survival status
and prognosis [4]. Therefore, understanding of the
dysfunctional mechanisms involved in these
oncogenes or suppressors associated with malignant
progression of cancer will benefit our future treatment
for cancer patients.

RSF1, also known as hepatitis B X-antigen-
associated protein (HBXAP), is a member of
ATP-dependent chromatin remodeling factors [5].
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RSF1 interacts with sucrose non-fermenting protein 2
homologous (hSNF2H) to form a RSF-1/hSNF2H
complex [6, 7], which in turn functions in different
biological and pathological processes including
transcriptional regulation, DNA replication and cell
cycle progression via regulating the nucleosome
remodeling [8]. Recently, the abnormal expression
and dysfunction of RSF1 has been discovered in a
wide range of human solid malignancies including
breast cancer [9], prostate carcinoma [10], ovarian
carcinoma [5, 11] and colon cancer [12] etc. Elevated
RSF1 expression is tightly correlated with the
clinicopathological variables and is also found to be
an independent prognostic factor in cancers [7, 9,
12-14]. Loss of function analyses have demonstrated
that RSF1 knockdown can decrease the proliferation
and paclitaxel resistance in ovarian cancer, indicating
its potential role as a molecular therapy target in
tumor [6, 7, 12]. However, the exact role of RSF1 in the
development and progression of human cancers
remains poorly studied.

A previous report based on archival tissues has
revealed that RSF1 overexpression was common and
was associated with an adverse prognosis in patients
with NPC [15]. Therefore, in the present study, we
aimed to investigate whether the aberrant expression
of RSF1 was a driving force for the malignant
behaviors including proliferation, invasion and
chemotherapeutic response in NPC. Furthermore, we
also explored the molecular mechanisms associated
with these alterations that were caused by RSF1
overexpression.

Methods

NPC tissues collection

A total of 46 cases of NPC tissues and 11 cases of
the noncancerous epithelial tissues (NCET) were
biopsied from June 2011 to Mar 2012 at the Outpatient
Department of the Head and Neck Surgery, Xiangya
hospital of Central South University, Changsha,
Hunan, China. All patients were diagnosed as NPC
via histopathological examination, which had no
previous malignancies and no therapy history.
Metastases were confirmed by clinical examination,
imaging evaluations of CT and MRI. Clinical stages
were defined according to the 2008 NPC staging
system of China [16]. The clinical characteristics of all
patients were summarized in detail in Table 1. All
specimens were chosen to be big enough to be spliced
into two parts. One was snap-frozen immediately and
stored in liquid nitrogen for total RNA extraction and
the remaining part was prepared for total protein
extraction. The study was approved by the Research
Ethics Committee of the Xiangya hospital of Central

South University, Changsha, China. Informed consent
was obtained from all of the patients. All specimens
were handled and made anonymous according to the
ethical and legal standards.

Table 1. Clinicopathological features of the 46 patients with NPC.

Parameters Numbers Percentage (%)
Age

<45 24 52.2
>45 22 47.8
Sex

Female 10 21.7
Male 36 78.3
Tumor size

T1 6 13.0
T2 13 28.3
T3 16 34.8
T4 11 23.9
Clinic stage

1 6 13.0
11 12 26.1
111 16 34.8
v 12 26.1
Lymph node metastasis

NO 20 43.5
N+ 26 56.5

RNA isolation, cDNA transcription and
quantitative real time PCR

Total RNAs of NPC tissues and cells in different
groups were extracted with TRIzol® Reagent
(Invitrogen) according to the manufacture's
recommendation. 2 pg qualified RNA was used for
reverse transcription to synthesize cDNA (High
Capacity RNA-to-cDNA Kit, Applied Biosystems). 25
ul reaction system was established and quantitative
real time PCR assays were performed via the SYBR®
Green PCR Master Mix (Applied Biosystems) on the
Applied Biosystems 7500 Real-Time PCR System. The
expression data were normalized to housekeeping
gene GAPDH USiI’lg the 2—ACT/ [2-(CT of target genes - CT of
GAPDH)] method, then the expressions of RSF1 in NPC
were presented as mean * SD and compared with
NCET [17]. The primer sequences used are listed in
Table S1. All PCR experiments were performed in
triplicate.

Protein extraction and Western blotting

Whole cell, nuclear and cytosolic proteins were
extracted from NPC cell lines via Nuclear/Cytosolic
Fraction Kit according to the manufacturer’s manual
(Cell Biolabs, Inc.). All the following western blot
analyses were performed as we previously described
[18-20]. In brief, 30-50 pg proteins were separated by
8-12% SDS-PAGE and then transferred onto PVDF
membrane (Millipore). The blotted membranes were
then incubated with the antibodies listed in Table S1.
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GAPDH or p—actin were used as internal controls.

Cell cultures and transfection

Human NPC CNE-2, 5-8F and 6-10B cell lines
were provided by the Cell Center of Central South
University, Changsha, China. All these NPC cell lines
were cultured in RPMI-1640 (GIBCO) medium with
10% fetal bovine serum (FBS), 100 pg/ml penicillin
and 100 pg/ml streptomycin and maintained at 37 °C
with 5% COa. Cells in the exponential phase were
used in the following experiments.

Lentivirus mediated RSF1 shRNA Plasmids and
control plasmids were purchased from Santa Cruz
Biotechnology (sc-72261-SH), which generally consist
of a pool of 3 to 5 lentiviral vector plasmids each
encoding target-specific 19-25 nt (plus hairpin)
shRNAs designed to knockdown RSF1 expression.
The RSF1 cDNA was inserted into the pLenti-C-mGFP
vector (NM_016578.3, Origene). The lentivirus
plasmid transfection was performed as we previously
reported [19].

For Survivin siRNA transfection, 5 pl siRNA was
used to knockdown the expression of Survivin
according to the protocol provided by Santa Cruz
(5¢-29499). Gene and protein knockdown efficiencies
were examined by qPCR and Western blotting.

Cells treated with chemicals

NPC cells (3000-5000/well) were seeded into
96-well plate. Then CCK-8 assay kits (Sigma-Aldrich)
were used to assay the survival cell at different time
points as we did previously [19, 21]. For paclitaxel
cytotoxicity experiments, 5000 cells were seeded into
96-well plate and diverse concentrations of paclitaxel
with or without NF-xB inhibitor (5puM Bay 11-7082)
were added to different groups of NPC cells for 48
hours and CCK-8 assays were performed. The optical
densities were measured at 450 nm. These
experiments were performed three times.

Cell apoptosis and cell cycle analysis by Flow
cytometry

Cell apoptosis and cell cycle analyses by flow
cytometry were performed similarly as we did
previously [19].

Transwell invasion assay

The transwell invasion assay was performed
according to our previous publications [19, 21].

Statistical analysis

All the statistical tests were performed using
IBM SPSS 20.0 software. Quantitative data was
presented as the means * SD. Student’s t-test
(two-tailed) or a one-way ANOVA test was employed
to compare statistical differences. P values < 0.05 were

defined as statistically significant. * P < 0.05; ** P <
0.01; *** P < 0.001.

Results

RSF1 expression is increased in NPC tissues

RSF1 has been reported to be upregulated in
numerous human malignancies. Its aberrant
expression is tightly with diverse progressive cancer
phenotypes [5, 14, 22, 23]. Therefore, we initially
examined the expression of mRNA and protein of
RSF1 in 46 tissue samples collected from the biopsies
from patients with NPC. Compared to 11 cases of the
noncancerous epithelial tissues (NCET) from
nasopharynx, the relative expression of RSF1 mRNA
was obviously increased in NPC (P < 0.01; Fig.1A).
Consistent with the qRT-PCR results, western blotting
data revealed that the expression of RSF1 protein was
also upregulated in NPC tissues (P < 0.01; Fig.1D and
Supplementary Fig.1A). However, no significant
correlation between mRNA and protein expressions
was observed (P > 0.05, Supplementary Fig.1B). Next,
we analyzed the associations between RSF1 and the
clinicopathological variables in patients with NPC.
Our data demonstrated that elevated expressions of
both RSF1 mRNA (Fig.1B) and protein (Fig.1E) were
tightly correlated with NPC clinical stages (I+II v.s
[I+IV). However, positive connections between RSF1
and metastasis existed only at mRNA level (Fig.1C)
but not at protein level (Fig.1F). In addition, mRNA
and protein expression of RSF1 showed no significant
connections with other clinical parameters such as age
and gender (All P > 0.05). Collectively, these data
indicate that RSF1 displays a higher expression in
NPC specimens, which promotes us to further
investigate the potential functional alterations caused
by its overexpression.

RSF1 regulates the proliferation of NPC cells
in vitro

In order to observe the effects of RSF1 on the
malignant behaviors of NPC cells, its expression was
initially assayed in 6 NPC cell lines (Fig.2A). And then
lentivirus mediated shRNA was used to inhibit RSF1
expression in 6-10B and 5-8F cell lines, which showed
a relatively higher expression of RSF1 protein.
Western blot assays indicated RSF1 protein was
efficiently blocked in both NPC 6-10B and 5-8F cell
lines (Fig.2B). As displayed in Fig.2C and D, RSF1
knockdown successfully led to decreased growth
ability of NPC cells in vitro at day 3 and following
days. Flow cytometry analysis using propidium
iodide DNA staining further confirmed that the
growth inhibition was caused by RSF1-mediated cell
cycle arrest at G1/S checkpoint (Fig.2E) and
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synchronously increased apoptosis (Fig.2F) in both
6-10B and 5-8F cells. Correspondingly, CNE-2 cells
enhanced
growth capacity (Supplementary Fig.2A and 2B),

with RSF1 overexpression displayed

increased cells in phases of S

and G2/M

(Supplementary Fig.2C), and decreased apoptotic
rate (Supplementary Fig.2D). Additionally,
significant influence of RSF1 on NPC invasion was
found in these two NPC cell lines via the Transwell
invasion assays in vitro (data not shown). Together,
these data indicate that RSF1 functions as an oncogene
that regulates the growth of NPC cells via influencing

cell cycle and apoptosis.

no

RSF1 participates in the paclitaxel resistance

in NPC cells in vitro

Paclitaxel, one member of the taxane family of
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Figure 1. Elevated expression of RSFI mRNA and protein correlates with clinicopathological parameters. (A and D) Expression of RSFI mRNA and
protein was assayed by qRT-PCR and western blot assay in 46 cases of NPC tissues and 11 cases of NCET tissues. (B, C, E and F) Expression levels of RSFI mRNA
and protein were correlated with the clinicopathological variables including clinical stages and metastasis in patients with NPC. Protein expression levels were

quantified by FluorChem FC2 (San Leandro, CA).
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Figure 2. RSF1 regulates the proliferation of NPC cells. (A) RSF1 protein was assayed by western blotting in 6 NPC cell lines. (B) Lentivirus mediated RSF1
shRNA and control shRNA were used to transfect NPC 6-10B and 5-8F cells. 72 hours after transfection, RSF1 knockdown efficiency was examined by western
blotting. (C and D) The effects of RSF1 knockdown on the proliferation of 6-10B and 5-8F cells were investigated at day 1 to 5 via CCK8 assays. (E and F) Alterations
of cell cycle and apoptosis in 6-10B and 5-8F cells were examined by flow cytometry 72 hours after RSF1 knockdown. * P < 0.05, **P < 0.01.

RSF1 activates NF-kB pathway and enhances
Survivin expression

To elucidate how RSF1 modulates paclitaxel
resistance in NPC, we further strived to clarify its
downstream signaling and key effector molecules.
NF-xB has been involved in multiple processes
associated with cancer such as malignant proliferation
and drug resistance [27, 28]. The positive connection
between RSF1 and NF-xB has also been reported
elsewhere [7, 29]. We ectopically overexpressed RSF1
in NPC CNE-2 cells, which correspondingly led to
increased phosphorylation of inhibitor IxBa, and
meantime decreased phospho-p65 (p-p65) in
cytoplasm and elevated p-p65 level in nucleus
(Fig.4A). These results indicate that RSF1 promotes
activation of NF-xB p65 and its nucleus translocation.
Then, we evaluated the mRNA and protein
expression of NF-kB-dependent genes, which
associated with pro-proliferation and anti-apoptosis
[28]. Accompanied with NF-xB activation, RSF1
activation simultaneously increased mRNA and

protein expression of Cyclin D1, which was required
for cell cycle during G1/S transition (Fig.4A and 4B).
In addition, anti-apoptotic molecules including Bcl-2,
Bcl-xL were also upregulated (Fig4A and 4B).
Interestingly, Survivin gene has been previously
reported to have a potential role in NPC chemo- and
radio-resistance by our group [30], which was also
correspondingly increased as a result of RSF1
overexpression (Fig.4A and 4B). Taken together, these
results highlight the critical role of RSF1 in the
activation of NF-xB signaling pathway and
NF-xB-dependent genes expression that regulate cell
cycle and apoptosis.

NF-kB activation and Survivin are essential for
RSF1 mediated paclitaxel resistance in NPC

To directly investigate the function of NF-kB
activation in RSF1 mediated paclitaxel resistance, we
used NF-xB signaling inhibitor Bay 11-7082 to see
whether NF-xB inactivation can reverse the effects
caused by RSF1 overexpression. As an irreversible
molecule to inhibit IxkBa phosphorylation, 5 pM Bay
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11-7082 treatment successfully decreased p-IxBa and
p-p65 and impeded the nuclear translocation of p65 in
RSF1-overexpressing CNE-2 cells, which accordingly
led to decreased levels of Bcl-2, Bcl-xLL and Survivin
(Fig.5A). As expected in RSF1 overexpressing CNE-2
cells, Bay 11-7082 significantly recovered the
sensitivity of paclitaxel at the concentrations of IC50
and IC70 (Fig.5C). Furthermore, we also focused on
the function of Survivin, the expression of which was
augmented by RSF1 overexpression and activation of
NF-xB signaling pathway in this study. Survivin
siRNA was used to hinder its expression in RSF1
overexpressing CNE-2 cells (Fig.5B), we found that
paclitaxel resistance caused by RSF1 overexpression
was correspondingly declined following the
inhibition of Survivin (Fig.5D). These data clearly
reveal that RSF1 activates NF-xB pathway and

downstream Survivin, which together regulates the
process of paclitaxel resistance in NPC.

Discussion

Increased expression of RSF1 has been reported
in a variety of human malignancies and correlated
with multiple malignant behaviors of cancer cells [14].
Our present investigation has found that protein and
mRNA of RSF1 is increased in NPC tissues. Moreover,
RSF1 overexpression is tightly associated with
malignant proliferation and paclitaxel resistance of
NPC cells in vitro. Further mechanism exploration
reveals that NF-xB activation by RSF1, together with
NF-xB-dependent pro-proliferative and
anti-apoptotic molecules including Survivin, are
implicated in RSF1-mediated paclitaxel resistance in
NPC.
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Figure 3. RSF1 participates in the paclitaxel resistance in NPC cells. (A and D) Exposed to increased concentrations of paclitaxel, inhibitory rates analyzed
by SPSS 20.0 indicated the concentrations of IC30, IC50 and IC70 in CNE-2 and 5-8F cells. (B and C) CNE-2 cells were transfected with Lenti-RSF1-cDNA and vector,
then survival rates were assayed with CCK8 48 hours after exposure to paclitaxel at the concentrations of IC50 and IC70. (E and F) 5-8F cells were transfected with
lenti-RSF1-shRNA and control shRNA, survival rates were examined 48 hours after exposure to paclitaxel at the concentrations of IC30 and IC50. * P < 0.05, **P <

0.01.
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The connections between RSF1 expression and
clinicopathological parameters and prognosis has
been reported in numerous human solid cancers
including breast cancer [9], hepatocellular carcinoma
[31], prostate cancer [10], ovarian cancer [5], gastric
adenocarcinoma [13], bladder urothelial carcinoma
[32] and colon cancer [12] etc. These abundant
publications  display a consistently elevated
expression of RSF1 in cancer tissues compared to
paracancerous or normal tissues. Several studies
above also indicate the role of RSF1 as a prognostic
biomarker in human cancers [10, 12, 13]. NPC RSF1
overexpression in our study is similar to previous
reports, especially Tai HC group also confirms that
RSF1 is an independent adverse prognosticator for the
survival of patients with NPC [15]. The positive
evidence of RSF1 in clinical samples promotes us to
investigate the exact function of RSF1 in cancer
malignant behaviors.

Previous reports show that RSF1 enables
assembly of centromeric core nucleosomes and
functions in the process of mitosis [8]. Meantime,
RSF1 facilitates the process of DNA repair via
accelerating the assembly of CENP-S and CENP-X at
DNA damage sites [33-35]. RSF1 depletion also causes
aberrant mitotic progression and chromosome
misalignment [8, 36]. These reports strongly hint a
potential role of RSF1 in cell cycle and apoptosis. As
expected, in our present study, RSF1 knockdown
inhibits cell growth ability and paclitaxel resistance,
which is correlated with cell cycle arrest at G1/S
phase and increased apoptosis. RSF1 overexpression
correspondingly regulates the expression of proteins
associated with cell cycle progression and apoptosis,
which include Cyclin D1, Bcl-2 protein family (Bcl-2
and Bcl-xL) and Survivin. Cyclin D1 and Cyclin E1, as
members of cyclin protein family that are involved in
cell cycle progression, are also reported to be
regulated by or directly interact with RSF1 by other
groups [37, 38].

One major discovering of our study is that
NF-kB signaling pathway and Survivin expression are
critical to paclitaxel resistance in RSF1 overexpressing
NPC cells. NF-xB signaling family contains 5
members including p65 (RelA), RelB, c-Rel, p50/p105
(NF-xB1) and p52/p100 (NF-xB2), which can form
hetero- or homodimers and interact with DNA to
regulate numerous target genes after activation [39].
Inactivated NF-xB complex is usually located in the
cytoplasm by the combination with inhibitor kappaBs
(IxBs). Once IxBs are phosphorylated and degraded
by upstream kinases such as IKK, the following
translocation of p65 into the nucleus can activate the
transcription of target genes [39]. In numerous human
malignancies, aberrant activation of NF-xB and its

target genes are involved in diverse cancer behaviors
including chemoresistance [27, 39, 40]. In our study,
RSF1 overexpression leads to activation of NF-«xB
signaling pathway, which is indicated by the
phosphorylation of its inhibitor IkBa and the
activation and translocation of p65 from cytoplasm to
nucleus. Consequently, the nuclear p65 regulates the
expression of target genes, such as Cyclin, Bcl-2 family
and Survivin. These findings are consistent with the
reports in ovarian cancers, in which RSF1 functions as
a coactivator for NF-xB to regulate NF-xB-dependent
genes [6, 7]. We have to note that RSF1 is not a kinase
for phosphorylation, therefore the phosphorylation of
IxBa caused by RSF1 may be explained by changes of
other potential genes that can increase the
phosphorylation of IxBa. Further studies are required
to clarify what other genes are involved in the RSF1
mediated phosphorylation of IxBa. Finally, both
NF-xB inactivation by molecule inhibitor and
downstream  Survinin knockdown can reverse
paclitaxel resistance caused by RSF1 overexpression.
Collectively, these data clearly indicate that RSF1
regulates the proliferation and paclitaxel sensitivity of
NPC via the NF-kB signaling pathway and NF-kB
dependent genes.

In summary, our current study demonstrates
that RSF1, as an oncogene, has been implicated in the
malignant proliferation and paclitaxel resistance in
NPC, which is tightly with the activation of NF-xB
signaling and NF-xB-dependent genes expression
such as Survivin. Further mechanisms and in vivo
studies are required to put it into clinical application
as a molecular biotarget in future.
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